Effect of Thickness and Grain Size on Flow Stress of Very Thin Brass Sheets  by Anand, Dhruv & Kumar, D. Ravi
 Procedia Materials Science  6 ( 2014 )  154 – 160 
Available online at www.sciencedirect.com
2211-8128 © 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer review under responsibility of the Gokaraju Rangaraju Institute of Engineering and Technology (GRIET)
doi: 10.1016/j.mspro.2014.07.019 
ScienceDirect
3rd International Conference on Materials Processing and Characterisation (ICMPC 2014) 
Effect of thickness and grain size on flow stress of very thin brass 
sheets  
 Dhruv Ananda,*,  D. Ravi Kumarb 
                 Department of Mechanical Engineering, Indian Institute of Technology Delhi, New Delhi-110016, India 
 
Abstract 
The deformation behavior of metal sheets is strongly influenced by the extent of miniaturization due to the size effects (specimen 
size and grain size). In this paper, the effect of thickness and grain size on the flow stress of very thin brass sheets has been 
investigated by conducting microstructural studies and uni axial tensile tests on annealed specimens of thickness in the range 
50μm-200μm.To obtain a large variation in thickness to grain size (t/d) ratio, different combinations of annealing temperature 
and time have been chosen. The effect of t/d ratio on yield stress and flow stress has been analysed using the tensile test data. For 
larger values of t/d ratio (6 -18), yield strength and flow stress at different strain levels increased with increase in t/d ratio. But 
flow stress decreases with increasing t/d when the values of t/d ratio are less than 3 due to the size effects. 
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1. Introduction 
In recent years, there has been a growing demand for micro technical products in various fields of science and 
engineering such as electronics, micro electro mechanical systems (MEMS), telecommunication, medicine, sensor-
technology, optoelectronics, bio-technology, automotive industry etc Geiger, M.Kleiner et al. (2001).The need to 
produce micro metallic parts(with at least one dimension less than a millimeter) in large quantity has drawn the 
attention of researchers in the area of metal forming. 
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In manufacturing of metallic components, the size of the part plays an important role in both the process behaviour 
and the material behaviour. This is due to the so called size effects (feature size and grain size), which lead to 
changes 
In the process behavior even if the relationship between the main geometrical features is kept constant 
Vollertsen, Biermann et al. (2009). In sheet metal forming of thin sheets, the influence of material thickness as well 
as the average grain size of the material relative to its thickness may cause some specific problems Vollertsen et al. ( 
2004), Engel and Eckstein (2002). The flow stress is strongly influenced by the extent of miniaturization. The size 
effect is a characteristic of macro geometry of the initial work piece (billet/blank) microstructure, surface topography 
and state of lubrication. When the process is scaled down, these remain unchanged and it leads to a different metal 
flow behavior compared to conventional forming processes Messner, Engel et al. (1994), Michel and Picart (2003); 
Mahabunphachai and Koç (2008); Vollertsen (2008) 
 In this paper, the effect of thickness and grain size on the flow stress of very thin brass sheets has been 
investigated by conducting micro structural and uni axial tensile tests on annealed specimens of thickness in the 
range 50μm-200μm. 
2. Materials and chemical composition  
Brass sheets of thickness 50μm, 100μm, 150μm and 200μm have been used in this study to investigate the effect 
of thickness and grain size on flow stress when they are subjected to plastic deformation in uni-axial tension. The 
chemical composition of brass sheets (in weight %) analyzed by spectroscopy is given in table 1.  
       Table 1. Chemical composition of the brass sheets (in weight %) 
Thickness/Element (%) Cu Zn Sn Pb Fe Ni 
200 μm 61.5 37.5 0.24 0.53 0.13 0.10 
150 μm 62.2 36.5 0.27 0.65 0.24 0.14 
100 μm 63.2 36.6 0.06 0.02 0.04 0.01 
50 μm 64.5 35.5 0.01 0.02 0.02 0.01 
3. Hardness and Grain size  
The as-received brass sheets were in half hard and 3/4 hard tempers. To achieve different grain sizes, the sheets 
were annealed with different annealing temperatures and time. The hardness of the annealed brass sheet samples 
was determined using LEICA VMHT micro-hardness tester. A load of 10 g was applied in the micro-hardness test 
and the indented area was observed and measured by a high-resolution microscope. The hardness values are 
summarized in table 2.  
                   Table 2. Hardness of brass sheets in annealed condition  
 
 
 
 
 
 
 
 
 
As can be seen from the table, hardness decreased with increasing annealing temperature and time. To study the 
effect of  thickness to grain size (t/d) ratio on flow stress, three different combinations of annealing temperature and 
time (400°C, 3h; 500°C, 2h; and 600°C, 2h) were chosen.  
Thickness 
(μm) 
Annealing temperature and time 
400°C 500°C 600°C 
1h 2h 3h 1h 2h 3h 1h 2h 3h 
200 142 141 140 128 122 122 126 121 117 
150 148 147 145 148 146 129 142 124 115 
100 121 121 120 120 116 109 115 109 90.3 
50 110 107 105 97 91.2 89.5 88.1 85 84.3 
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The specimens were prepared for microstructural observation using standard metallographic techniques. The 
solution of 2ml HCl (35%), 0.5ml selenic acid, 300ml ethyl alcohol (80- 85%) was used as the etchant. Some typical 
microstructures of brass sheets are shown in Fig. 1 to reveal the variations in grain size obtained by annealing at 
different temperatures and time. Linear intercept procedure ASM Handbook (2004) has been used to determine the 
average grain size in each case. The average grain size is in the range of 9-50μm as summarized in Fig. 2. This gives 
a large range of t/d ratio, approximately 1to 18. 
 
    
 
Fig. 1. Microstructures of annealed brass sheets of different thickness. 
 
 
Fig. 2. Average grain size (in μm) at various annealing parameter. 
4.  Mechanical properties  
Specimens of annealed brass sheets of 200μm thickness were prepared as per ASTM standard E8M ASTM 
Standard (1999) and specimens of brass sheets of thickness 150μm, 100μm and 50μm were prepared as per ASTM 
standard E345–93ASTM Standard (2008) for tensile testing. The specimens were machined by wire cut EDM 
process in three directions with the length parallel (0º), diagonal (45º) and perpendicular (90º) to the rolling direction 
of the sheet. The tensile specimens were tested in uni-axial tension on an Instron machine at a constant cross head 
speed of 2.5 mm/min. Load-elongation data was obtained for all the tests. Engineering stress-engineering strain 
curves and true stress- true strain curves were plotted using this data. 
5.  Results and discussion  
Engineering stress–strain curves for samples of different thicknesses annealed at 400°C for 3 h are shown in   
Fig. 3(a). As mentioned earlier, the true stress-strain curves were plotted for the sheets of 4 different thicknesses 
annealed at different temperatures. The true stress corresponding to a particular true strain represents stress required 
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to cause further plastic flow in the material and hence these are called flow curves. These curves are shown in      
Fig. 3(b)-(d). The flow stress is a strong function of strain due to the strain hardening ability of most of the common 
metals and alloys. Since the effect of grain size relative to the sheet thickness becomes significant, especially in the 
case of very thin sheets, the influence of ratio of thickness to grain size (t/d ratio) on yield stress and flow stress at 
different strain levels has been analyzed using the flow curves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) Engineering stress-strain curve for samples annealed at 400°C, 3h  (b), (c)and (d) True stress-True strain curve for samples annealed 
 at 400°C, 3h, 500°C, 2h and  600°C, 2h   
The variation of 0.2% offset yield stress (YS) with t/d ratio is shown in fig. 4. When the t/d ratio values are large 
(6 -18), the YS increased with increase in t/d ratio. This is in accordance with Hall-Petch relation Raulea, L.E. 
Govaert et al. (1999) for a polycrystalline material. As the grain size decreases, the YS increases due to higher 
strengthening coming from larger grain boundary area network. However, here it is in generally assumed that there 
are a large number of grains in the thickness direction, which is generally true for bulk materials and thick sheets. 
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But, in Fig. 4, it can be seen that for smaller values of t/d (< 6), YS decreases with  increasing  t/d ratio. This effect 
can be explained by the surface layer model Lai, Peng et al. (2008). According to surface layer model, the volume 
ratio of surface grains to inner volume grains increases with increase of grain size when the sheet thickness is kept 
constant Engel and Eckstein (2002). As the surface grains are less restricted than the grains inside, it leads to lower 
overall resistance to deformation and less strain hardening and hence flow stress decreases Mahabunphachai and 
Koç (2008).Due to this effect of t/d ratio, the flow stress decreased with decreasing thickness when the grain size is 
almost the same (9-11μm) as shown in Fig. 3(b).  
The size effect can be corroborated with the microstructures of the annealed brass samples of different thickness 
with large variation in grain size (9-49μm). In Fig. 5, very few grains can be observed in sample with lower t/d ratio, 
especially in sheets of thickness 50μm and 100μm, where as significantly larger number of grains can be seen in 
sheet sample of thickness 150μm and 200μm (larger t/d ratio). 
 
 
 
 
      
 
 
 
 
 
 
 
 
 
Fig. 4. Variation of yield strength with t/d ratio showing the size effects 
 
 
 
 
 
 
 
Fig. 5. Micro Structure of annealed brass sheets at 200X in thickness direction 
The effect of t/d ratio on flow stress at 3 different true strain levels during plastic deformation is shown in Fig. 6. 
As discussed earlier in the case of YS, flow stress increases with increasing t/d ratio for larger values of t/d and it 
decreases with t/d when the values of t/d ratio are less than 3.This has been found consistently true for all the strain 
levels. 
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Therefore, use of general constitutive equations for very thin sheets to predict flow stress without considering the 
size effect (effect of grain size relative to thickness) could lead to significant error in the flow stress values. The 
present work clearly demonstrates the need for modification in the existing constitutive equations when they are 
applied for very thin sheets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Effect of t/d ratio on flow stress of brass sheets at different strain levels. 
6. Conclusions 
From the results and discussion presented in the earlier section, the following conclusions are drawn: 
When the values of ratio of thickness to grain size are large (6 -18), the yield strength increased with increase in 
t/d ratio. For smaller values of t/d (< 6), the yield strength decreased with increasing t/d ratio due to the increase in 
ratio of surface grains to inner volume grains with increase of grain size when the sheet thickness is kept constant. 
The flow stress decreased with decreasing thickness when the grain size is almost the same. The flow stress 
increases with increasing t/d ratio for larger values of t/d and it decreases with t/d when the values of t/d ratio are 
less than 3.The results clearly demonstrate the need for modification in the existing constitutive equations when they 
are applied for very thin sheets. 
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